B
roadly defined, epigenetics refers to chromatin-based mechanisms important in the regulation of gene expression that do not involve changes to the DNA sequence per se. 1 These include DNA methylation, histone density and posttranslational modifications, and RNA-based mechanisms. Together they offer a new perspective on gene regulation that extends the classic cis/trans paradigm and helps to explain some of its limitations. 2, 3 Central to this model is the concept that the structure of DNA is an effector of gene expression such that identical DNA sequences may demonstrate variable expressivity. Epigenetics has emerged as an increasingly powerful paradigm to understand complex non-Mendelian diseases. For example, epigenetics provides a newer perspective for understanding how gene expression is perturbed in prevalent diseases of the human vascular system characterized by a dysfunctional endothelium. 4 This review provides an introduction to epigenetic concepts for vascular biologists and examines newer evidence from our laboratory, and from others, that establishes epigenetic pathways as fundamental determinants of endothelial gene expression in health and disease. Evidence implicating chromatin-based pathways in the control of vascular smooth muscle cell gene expression is not discussed here and was recently the subject of an excellent review in this journal. 5 all eukaryotic genomes. The fundamental repeating unit of this structure, termed chromatin, is the nucleosome comprising an octamer of core histone proteins around which is wrapped 146 bp of DNA. Each nucleosome comprises 2 molecules of H2A, H2B, H3, and H4. Adjacent nucleosome particles are separated by shorter species-specific lengths of linker DNA associated with a fifth histone protein, histone H1. This linker histone facilitates further compaction of chromatin into higher-order chromatin structures that enable the packaging of extraordinary lengths of DNA into the tight confines of the cell nucleus. 6 Over the last 20 years, 3 highly interconnected epigenetic pathways have emerged that impact on the structure and accessibility of chromatin. Each of these pathways is important in the regulation of gene expression: DNA methylation, histone posttranslational modifications, and RNA-based mechanisms ( Figure 1 ). 7 
DNA Methylation
DNA methylation involves the postsynthetic, covalent modification of the 5-position of cytosine to define the "fifth base of DNA," 5-methyl-cytosine. 8 First described in 1925 by Johnson and Coghill, even before the elucidation of the DNA double helix, 9 this unique pyrimidine continues to base pair with guanine. In mammals, DNA methylation is almost exclusively restricted to CpG dinucleotides. DNA methylation is catalyzed by 3 different DNA methyltransferases (DNMTs) encoded by different genes on distinct chromosomes: DNMT1, DNMT3a, and DNMT3b. De novo methylation is catalyzed by the latter 2 enzymes and is important in the establishment of DNA methylation patterns in the early embryo and during development. 8 In contrast, DNMT1 serves a maintenance function and is responsible for the propagation of DNA methylation patterns following DNA replication during mitotic cell division. This is accomplished, in part, by the localization of DNMT1 to the replication fork and its specificity for hemi-methylated DNA. Methylation of CpG dinucleotides on the nascent DNA strand is guided, or informed, by the methylation status of CpG dinucleotides on the complementary template strand. DNA methylation is a remarkably stable epigenetic modification. Notwithstanding, its dynamic regulation has been clearly demonstrated during embryogenesis, cellular differentiation, and carcinogenesis. Mechanisms responsible for the removal of DNA methylation marks remain poorly understood. Both passive (replicationdependent) and active (replication-independent) mechanisms have been described. 8 Uncommon examples of methylated cytosines in the context of non-CpG methylation (CpNpG and CpW, where WϭA or T) have been reported, such as in the early mouse embryo, 10 embryonic stem cells, 11 endogenous LINE-1 retroelements, 12, 13 and integrated plasmid DNA. 14 The biological significance of this atypical DNA methylation remains unclear.
Approximately 70% to 90% of CpG dinucleotides, representing 3% to 6% of all cytosines, are methylated in healthy somatic cells. 8 Surprisingly, CpG dinucleotides are relatively depleted in the mammalian genome, ie, occur at a frequency less than would be expected based on the GC content of the genome. Why the genome is relatively CpG-depleted is an interesting feature of the evolution of the mammalian genome but is beyond the scope of the present review. Some regions of the genome are relatively spared from this depletion and demonstrate observed CpG dinucleotide frequencies closer to what would be expected by chance alone. Although variably defined, these relatively (GϩC)-and CpG-rich regions are commonly referred to as CpG islands. 15, 16 They account for approximately 7% of CpG dinucleotides genome-wide and are associated with the 5Ј-regulatory regions of Ϸ40% to 60% of human genes. 8, 17 Typically, these CpG dinucleotides are unmethylated. A significant proportion of CpG dinucleotides also occur in the context of intergenic, repetitive DNA sequences, such as Alu elements. In contrast to those comprising CpG islands, these CpG dinucleotides are usually densely methylated. 8 From the perspective of gene regulation, DNA methylation is a repressive mark associated with transcriptional silencing. It has been strongly implicated in a growing number of integral cellular functions, including the silencing of repetitive (parasitic) sequences, X chromosome inactivation, genomic imprinting, mammalian embryonic development, and lineage specification. 8, 17 Its dysregulation is also characteristic of a growing number of human diseases, most prominently, cancer. The cancer genome is characterized by genome-wide hypomethylation and paradoxical hypermethylation of CpG islands associated with tumor-suppressor genes. A strikingly similar pattern is also observed on the inactive X chromosome. 8 The relevance of DNA methylation to common nonneoplastic, non-Mendelian diseases is poorly understood.
Mechanistically, DNA methylation can affect gene expression in 1 of 2 general ways. First, DNA methylation itself can impede the binding of transcription factors to CpG dinucleotide-containing cis-DNA binding elements. Methyl groups of methylated CpG dinucleotides project into the major groove of the DNA helix. Although this mechanism is clearly relevant for some transcriptional regulators, for example, Myc, 18 activator protein-2, 19 hypoxia-inducible factor-1␣, 20 and the insulator protein CTCF, 21, 22 it is likely not relevant for a majority of transcription factors whose target genes are importantly regulated by DNA methylation. 8 Second, a family of methyl-CpG binding proteins has been described that can specifically recognize the mammalian methylation mark. These include 4 proteins containing a homologous methylCpG-binding domain (MBD1, MBD2, MBD4, and the founding member, MeCP2) and a recently characterized, nonhomologous protein, Kaiso, which is capable of binding a methylated CpG dinucleotide doublet. 23 These methyl-CpGbinding proteins can directly repress transcription, prevent the binding of activating transfactors, or recruit enzymes that catalyze histone posttranslational modifications and chromatin-remodeling complexes that alter the structure of chromatin and actively promote transcriptional repression. 8 Alternatively, a transcriptional activator that specifically recognizes unmethylated CpG dinucleotides, human CpG binding protein (hCGBP), has also been described. 24 These latter observations underscore the highly integrated nature of epigenetic pathways in the control of mammalian gene expression.
Histone Proteins
Recent years have witnessed the characterization of a staggering number of histone posttranslational modifications. These include lysine acetylation, lysine and arginine methylation, serine and threonine phosphorylation, lysine ubiquitylation, and lysine sumoylation, among others. More than 60 distinct modification sites have been described. Although some of these covalent modifications occur in the histone globular domains, the best studied are targeted to the histone amino-terminal tails. 17, 25 In addition to histone posttranslational modifications, it is now clear that the regulated incorporation of histone variants 26 and ATP-dependent chromatinremodeling activities, which mediates histone recruitment and eviction, 27 are also important determinants of mammalian gene expression. This latter activity affects histone density per unit length of genomic DNA. Together, these histonebased mechanisms synergize with DNA methylation to provide a complex and responsive epigenetic landscape superimposed on the underlying static genetic code. 7 Even though the DNA helix is wound around the core histone octamer, histone posttranslational modifications can alter the physical properties and structure of chromatin and thereby modulate the accessibility of transcriptional regulators to cis-DNA binding elements. This general mechanism has been well described for lysine acetylation. 28 Bulk lysine acetylation, a mark broadly associated with transcriptional activation, can neutralize the basic charge of lysine residues and prevent the higher-order compaction of chromatin, resulting in a more open (or accessible) chromatin configuration. 29, 30 In addition to a direct effect on the physical structure of chromatin, it is hypothesized that the combination of specific histone posttranslational modifications contains important regulatory information interpretable by the cell. Together, they constitute a putative "histone code." 31, 32 Unlike DNA methylation, most histone posttranslational modifications are extremely dynamic and reflect the balance between competing enzymatic activities that establish and remove these epigenetic marks. In recent years, an increasing number of "readers" have been identified that can specifically recognize unique histone posttranslational modifications via specific protein binding domains. These, in turn, recruit large multiprotein complexes with enzymatic activities important in the regulation of gene expression. 25 Two classes of histone posttranslational modifications, in particular, have well-established roles in the control of mammalian gene expression: lysine acetylation and lysine methylation. 25 Lysine acetylation involves the transfer of acetyl groups from acetyl-coenzyme A molecules to the lysine -amino groups of histone tails. In mammalian cells, this reaction is catalyzed by 3 principal families of histone acetyltransferases (HATs): GNAT, MYST, and CBP/p300. HATs are recruited to target promoters as components of large, multiprotein complexes. The finding that a number of transcriptional coactivators have intrinsic HAT activity was a major breakthrough. In general HATs demonstrate poor specificity for individual histone tail lysine residues and are also capable of acetylating many nonhistone proteins important in the regulation of transcription; for example, c-Jun, E2F, MyoD, nuclear factor (NF)-B, p53, pRb, and YY1, among others. 33 Removal of histone lysine acetylation is catalyzed by 4 families of mammalian histone deacetylases (HDACs): class I (HDAC1-3, HDAC8), class II (HDAC4-7, HDAC9-10), class III sirtuins (SIRT1-7), and class IV (HDAC11). 25 From a pharmacological perspective, class I and II HDACs are sensitive to the prototypical smallmolecule inhibitor, trichostatin A (TSA), whereas class III and IV HDACs are TSA-insensitive. Like HATs, HDACs are recruited to target promoters in large, multiprotein complexes. In general, HDACs evidence poor specificity for individual histone lysine residues and are also active on many nonhistone proteins. Small-molecule inhibitors of HDACs have demonstrated early promise in the treatment of several hematologic malignancies and disseminated solid cancers. 34 Their utility in the management of nonneoplastic conditions remains largely unexplored. 35, 36 The acetyl-lysine mark is read by a group of chromatin-associated proteins, including several HATs and chromatin-remodeling enzymes, that contain bromodomains. The interplay between HATs, HDACs, and bromodomain-containing readers allows for a highly dynamic gene transcriptional control pathway. 25 A lysine residue can either be acetylated or methylated. Although histone lysine acetylation is tightly correlated with transcriptional activation, the impact of histone lysine methylation on gene expression is context-dependent. 25, 37 For example, histone H3 lysine 4 (H3K4) methylation is strongly associated with transcriptional activation. This epigenetic mark is written by the family of trithorax group (Trx-G) proteins. 25, 38 An added nuance of histone lysine methylation biology is the observation that a single lysine residue can be mono-, di-, or trimethylated. These more subtle epigenetic modifications are likely to be functionally relevant. This contention is supported by a recent genome-wide survey that demonstrated preferential localization of trimethylated H3K4 to active promoters and monomethylated H3K4 to enhancers. 39 The characterization of specific di-and trimethylated H3K4 readers, the mammalian ING (inhibitor of growth) family proteins (ING1-5), provides further compelling evidence. 25 Conversely, di-and trimethylated histone H3 lysine 9 (H3K9) are strongly correlated with transcriptional repression. 25, 37 These epigenetic marks are catalyzed by an increasingly large family of SET-domain-containing histone lysine methyltransferases, including SUV39H1, SUV39H2, PRDM2/RIX1, and G9A/BAT8. Heterochromatin 1 (HP1) proteins (HP1␣, HP1␤, and HP1␥) specifically bind di-and trimethylated H3K9 via interactions with their methylbinding chromodomain and are crucial for the formation of heterochromatin and transcriptional silencing. 17, 25 Although once thought to be relatively stable epigenetic modifications, the recent identification of Jumonji-domain-containing proteins (JMJD) as histone lysine demethylases points to the dynamic regulation of the histone lysine methylation mark. 40 
RNA-Based Mechanisms
Of the 3 general modes of epigenetic regulation, RNA-based mechanisms are the most recently described and presently the least well understood. There is mounting evidence that noncoding RNAs and the RNA interference machinery are fundamental determinants of chromatin-based gene expression. 7, 41 In mammalian systems, the best characterized examples include the role of XIST RNA in X chromosome inactivation, Air RNA at the murine imprinted Igf2r locus, and as of yet unidentified RNAs in the assembly of centromeric heterochromatin. 41 These examples importantly involve coordinated epigenetic activities including DNA methylation and histone posttranslational modifications. In contrast, micro-RNAs and short interfering (si)RNAs, Ϸ 21 to 26 nucleotide small RNA species, are well-known mediators of cytoplasmic, posttranscriptional gene silencing as components of the RNA-induced silencing complex (RISC). Micro-RNAs are derived from nuclear transcripts with characteristic stem-loop structures and transported to the cytoplasm. Alternatively, siRNAs are derived from long doublestranded RNA precursors delivered exogenously to cells or that arise naturally within cells. 42 The complexity of these RNA-based modes of gene regulation is underscored by the recent demonstration that exogenously administered siRNAs directed at promoter regions can effectuate transcriptional gene silencing in mammalian cells by inducing site-specific DNA methylation 43 and repressive histone posttranslational modifications. 44 Given that at least 15% to 20% of mouse and human genes, respectively, demonstrate cis-encoded natural antisense transcripts, 45 it is anticipated that RNA-based mechanisms will have far-reaching influence in the regulation of mammalian gene expression. A summary of the best understood epigenetic control mechanisms is provided in the Table.
An Epigenetic Theory of Complex Nonmendelian Disease
The recent characterization of evolutionarily conserved, epigenetic mechanisms has offered a fundamentally new paradigm for understanding mammalian gene regulation. Although best characterized in cancer and developmental biology, these mechanisms provide the molecular substrate for the improved understanding of complex, non-Mendelian diseases including common diseases of the human vascular system. 46, 47 For example, a common feature of complex, non-Mendelian diseases is discordance of monozygotic (MZ) (genetically identical) twins. Classic twin studies have been immensely useful in establishing the genetic component of disease. In principle, MZ twins share 100% of their DNA sequence. In contrast, dizygotic twins share only half of their DNA sequence, with equal fractions contributed by each parent, and are therefore as genetically related (or unrelated) as nontwin siblings. An enhanced prevalence of disease among MZ twins, versus dizygotic twins, strongly suggests a genetic component of disease. This inference has been formalized in the concept of "heritability," defined as the relative contribution of genetic factors to a disease phenotype. Heritability estimates have been calculated for common cardiovascular diseases and range from 30% to 50%, thus implying a major genetic contribution. 48 -50 Notwithstanding this enhanced risk, classic twin studies demonstrate low concordance rates of key oligogenic diseases among MZ twins. From an optimistic perspective, MZ twins do not always get the same cardiovascular disease. For example, a frequently quoted study of death from cardiovascular disease in the Swedish Twin Registry reported concordance rates among male or female MZ twins of only 25.4% and 19.4%, respectively. 51 What accounts for this discordance of MZ twins in cardiovascular disease? The classic explanation is differential environmental influences on the individual MZ twins: the so-called nonshared environment explanation. 46, 47 However, empirical evidence supporting this model is scarce, and the mechanisms underlying the influence of the environment on the genome remains poorly understood. Recent studies have pointed to epigenetic mechanisms as an alternative, molecular explanation. Several studies have reported epigenetic differences between MZ twins (Figure 2) . Early examples included skewed X chromosome inactivation in female twins, loss of imprinting, and differential promoter methylation of a few, selected autosomal genes. 47 In 2005, Fraga et al published a landmark report describing global and locus-specific differences in DNA methylation and histone H3 and H4 acetylation in a large cohort of young and elderly MZ twins. 52 Of 40 twin pairs, 35% demonstrated significant differences in the 3 epigenetic marks assayed in peripheral blood lymphocytes. Remarkably, these epigenetically discordant twins were more likely to be older, spent less of their lifetime together, and reported the greatest differences in natural health/medical history. Consistent with these results, gene expression profiling experiments revealed the differential expression of 4 times as many transcripts in an older, epigenetically discordant twin pair compared with a younger, epigenetically similar twin pair. Although the study design did not permit correlation of differential epigenetic modifications within twin pairs with disease discordance, the data are compelling. They provide the best evidence in humans that epigenetic differences can accumulate with increasing age. Whether these epigenetic differences occur stochastically or in response to differential environmental exposures and the extent to which they are correlated with differences in gene expression require further study. 46, 47, 52 It is of interest that mammals cloned by somatic cell nuclear transfer demonstrate increased lethality and aberrant growth. The working model is that the Figure 2 . An epigenetic explanation for discordance of MZ twins in prevalent non-Mendelian diseases. Discordance of MZ (genetically identical) twins in prevalent non-Mendelian diseases has traditionally been explained by differential environmental exposures. Viewed from the epigenetic perspective, however, this discordance in disease phenotype may reflect chromatin-based differences superimposed on the static genetic code. In this example, the 5Ј-regulatory region of a disease susceptibility gene is depicted in endothelial cells from MZ twins A and B. In twin A, the promoter assumes an "open" chromatin architecture characterized by activating histone posttranslational marks, decreased nucleosome density, and the lack of DNA methylation. RNA polymerase II is recruited to the promoter, resulting in productive transcription. Alternatively, in twin B, the genetically identical promoter assumes a "closed" chromatin configuration characterized by repressive posttranslational marks, increased nucleosome density, and prominent DNA methylation. RNA polymerase II is not recruited to the promoter, and no transcription occurs. Refer to Figure 4 for a more detailed description of the chromatin and its modifications.
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observed phenotype differences in genetically identical animals (analogous to human MZ twins) may be attributable to the inefficient epigenetic reprogramming of transplanted nuclei. 53 So far, these studies have considered the accumulation of epigenetic differences in somatic cells. A more contentious issue is the meiotic inheritance of epigenetic modifications. Experimental evidence is accruing in inbred animal models 54 and humans, [55] [56] [57] demonstrating meiotically stable transmission of an epigenotype. If generalizable to common human diseases, epigenetic mechanisms could provide a molecular explanation for the transference of disease susceptibility from parent to child outside the context of the DNA sequence per se, a finding that would revolutionize our understanding of complex, non-Mendelian diseases.
Based on this background, the balance of this review highlights recent evidence from our laboratory, and from others, implicating epigenetic pathways, in particular, DNA methylation and histone posttranslational modifications, in the transcriptional regulation of vascular endothelial gene expression in health and disease. The role of RNA-based mechanisms in the transcriptional control of vascular endothelial gene expression remains unexplored and a focus of present research.
Endothelial Nitric Oxide Synthase: A Model for the Cell-Restricted Expression of Endothelial Genes
In 1980, Furchgott and Zawadzki reported that acetylcholineinduced vasorelaxation is dependent on an intact endothelial lining. 58 They reasoned that an endothelium-derived relaxing factor (EDRF) was responsible for translating this biochemical signal to adjacent vascular smooth muscle cells. By the end of that decade, endothelium-derived relaxing factor was identified as nitric oxide. 59, 60 In mammals, the production of nitric oxide is catalyzed by 3 isoforms of nitric oxide synthase (NOS) encoded by separate genes on 3 different chromosomes: neuronal NOS (NOS1), inducible NOS (iNOS) (NOS2), and endothelial NOS (eNOS) (NOS3). These NOS isoforms differ in their regulation and cell-specific distribution. The latter isoform, eNOS, is constitutively expressed and responsible for the majority of nitric oxide produced by the vascular endothelium and, therefore, represents the dominant source of bioactive endothelium-derived relaxing factor. Here, nitric oxide plays important antithrombotic and antiatherogenic roles characterized by the inhibition of platelet aggregation, leukocyte-endothelium adhesion, and vascular smooth muscle cell proliferation. 2 Its fundamental role in cardiovascular physiology is underscored by the phenotype of eNOS-null mice. These eNOS-deficient animals demonstrate systemic and pulmonary hypertension, abnormal vascular remodeling, defective angiogenesis, pathological healing in response to vascular injury, and impaired mobilization of stem and progenitor cells. 2, 61 In human disease, eNOS deficiency has been documented in the lungs of patients with pulmonary hypertension 62 and in the neointimal covering of advanced atheromatous plaques. 63 Given its prominent role as a signaling molecule in the cardiovascular system, much attention has been focused on deciphering the regulation of eNOS both in vitro and in vivo. Important transcriptional, posttranscriptional, and posttranslational mechanisms have been defined. 3 Notwithstanding, the answers to seemingly straightforward questions remain elusive.
For example, a nuance of eNOS biology is its remarkable endothelial-restricted pattern of expression. Using in situ hybridization and immunohistochemistry, we previously demonstrated the relatively restricted expression of eNOS steady-state RNA and protein, respectively, to the endothelium, especially large-and medium-sized arteries. 63, 64 In this regard, eNOS is not unique but rather is representative of a broader class of genes whose expression is primarily confined to the vascular endothelium; for example, von Willebrand factor (VWF), vascular-endothelial cadherin (VE-cadherin) (CDH5), intercellular adhesion molecule-2 (ICAM-2), the angiopoietin receptors (TIE1 and TIE2), and the vascular endothelial growth factor (VEGF) receptors (FLT-1/VEGFR1 and FLK-1/VEGFR2). 2 What accounts for this endothelialrestricted pattern of expression? Recent insights from the epigenetic perspective are beginning to shed new light.
The Classic Paradigm: Search for a "Master Regulator"
A simple model to account for the cell-restricted expression of endothelial genes is predicated on the classic cis/trans paradigm of gene expression. In this model cis-DNA binding elements in the 5Ј-regulatory regions of genes specifically recruit transfactors (or transcription factors). To account for cell-specific expression this model requires that cis-DNA binding elements be present in the 5Ј-regulatory regions of target genes and that the expression of the relevant transfactors themselves be cell-restricted in expression. Several examples of such master regulators are now well documented in mammalian biology, including NeuroD in neurons, 65 peroxisome proliferator-activated receptor-␥ in adipocytes, 66 and myocardin in smooth muscle cells. 67 However, perhaps the best example of a master regulator is MyoD in skeletal muscle cells. 68 MyoD is a basic helix-loop-helix transcription factor whose expression is restricted to the skeletal muscle lineage throughout development. MyoD heterodimerizes with ubiquitously expressed E-proteins to form a skeletal muscle-specific transcription factor that binds to cis-DNA elements termed E-boxes (core consensus sequence, CANNTG) located in the 5Ј-regulatory regions of many skeletal muscle-specific genes. Importantly, MyoD is both necessary and sufficient to establish the myogenic program. Elegant experiments have convincingly demonstrated that forced expression of MyoD in a variety of primary and transformed mammalian cell types can induce skeletal muscle differentiation, for example, converting primary fibroblasts into skeletal muscle cells. 68, 69 In contrast, an endothelial-specific master regulator is yet to be identified. 2 Undoubtedly some transcription factors are preferentially expressed in, but not restricted to, the vascular endothelium. Evidence regarding their global role in endothelial specification and the establishment of an endothelial gene expression program is presently lacking. Prominent examples include Hey2, Vezf1, and HoxA9. 2 KLF2 (Krüppel-like factor 2), a member of the zinc finger family of DNA-binding transcription factors, has recently received the most attention. 70 In the vessel wall, KLF2 expression is confined to the vascular endothelium but has also been documented in developing lung buds, the vertebral column, and bony structures of the head and rib cage. 71 In addition, KLF2 has a well-established role in thymocyte and T-cell maturation, survival, and migration. 72, 73 Undeniably, KLF2 has emerged as an important regulator of the endothelial response to blood flow dynamics and cytokine stimulation. 74 -76 Importantly, several prototypical endothelialrestricted genes are induced by KLF2, including eNOS. 70, 75 However, recent gene expression profiling experiments strongly suggest that KLF2 is not required for endothelial lineage specification and is, therefore, unlikely to serve as the elusive endothelial master regulator. 76, 77 These data are consistent with the phenotype of Klf2-deficient mice that, although embryonic lethal, demonstrate normal vasculogenesis and angiogenesis. 71 Although an as of yet uncharacterized endothelial master regulator may exist, the present cis/trans paradigm supports a model for the cooperative activity of several ubiquitously expressed transcription factors in the constitutive expression of endothelial-restricted genes. These include Ets family members, GATA-2, Sp1, activator protein-1, and octamer transcription factors. 2 Indeed, a majority of endothelialrestricted genes possess cis-DNA binding elements for these factors in their 5Ј-regulatory regions. The eNOS gene is a representative example. 2, 78, 79 Specificity could be achieved by a unique combination of transcription factors in endothelial compared with nonendothelial cell types. Additionally, unique posttranslational modifications or alternatively spliced mRNA species may be relevant. However, little direct evidence for these models of endothelial cell-restricted gene expression is presently available. 2, 3 We, therefore, hypothesized that alternative mechanisms importantly contribute to the cell-specific expression of endothelial genes.
Transient Transfection of eNOS PromoterReporter Constructs Suggests Epigenetic Mechanisms of Gene Regulation
We and others have previously reported the cloning and characterization of the human eNOS gene. 64,79 -81 It exists as a single copy in the haploid genome, contains 26 exons, spans approximately 21 kb of genomic DNA, maps to chromosome 7q35-36, and directs the expression of a single major transcript measuring 4052 nucleotides. A single major transcription initiation site was defined by primer extension, S1 nuclease protection, and 5Ј-RACE (rapid amplification of 5Ј cDNA ends). 79 The human eNOS promoter lacks a canonical TATA box and does not contain a proximal CpG island. Detailed molecular characterization of the human eNOS promoter using deletion analysis and linker-scanning mutagenesis defined 2 clustered cis-regulatory regions: positive regulatory domain I (PRD I) (Ϫ104/Ϫ95 relative to transcription initiation) and PRD II (Ϫ144/Ϫ115). 78 In the vascular endothelium, these regions bind multiprotein activator complexes including Sp1, Sp3, and Ets1 transcription factors, among others. Transgenic eNOS promoter-reporter mice faithfully recapitulate expression of the native eNOS gene. 82, 83 To elucidate the factors responsible for eNOS cell-specific expression, we performed a series of transient transfection experiments in various expressing (endothelial) and nonexpressing cell types (including primary human vascular smooth muscle cells, primary human hepatocytes, and a wide variety of human and murine cell lines). 84 Regardless of whether the core promoter (Ϫ133/ϩ109), a segment containing both PRD I and PRD II (Ϫ151/ϩ109), or longer portions of the eNOS promoter (Ϫ1193/ϩ109 or Ϫ3500/ϩ109) were used for the generation of episomal constructs, a majority of nonexpressing cell types demonstrated robust promoter activity. These results from transient transfection experiments were in stark contrast to the endothelial cell-restricted expression of stably integrated promoter-reporter constructs in transgenic eNOS promoter-reporter mice. 82, 83 Taken together, these data demonstrated that nonexpressing cell types possess the requisite transcriptional machinery to direct eNOS expression ( Figure 3 ). Moreover, they hinted at the involvement of a chromatin-dependent repressive mechanism that prevented native eNOS expression in nonendothelial cells.
The Role of DNA Methylation
Using Southern hybridization with methylation-sensitive isoschizomer mapping and nucleotide-resolution bisulfite genomic sequencing, a differentially methylated region (DMR) was demonstrated in the native eNOS proximal promoter (Ϫ361/ϩ3) in expressing (endothelial) and nonexpressing cell types. 84 Genomic DNA isolated from endothelial cells was unmethylated or lightly methylated, whereas genomic DNA isolated from nonendothelial cells was heavily methylated at the eNOS proximal promoter. Importantly DNA methylation was determined to be symmetrical (occurring on both sense and antisense strands) and restricted to CpG dinucleotides. For example, the CpNpG sequence present on the antisense strand in PRD I (a high-affinity Sp1 site) was not methylated. Methylation further upstream (Ϫ4912/ Ϫ4587) in a region corresponding to an enhancer or further downstream in a CpG island located at the 3Ј-end of the gene failed to demonstrate differential methylation in expressing and nonexpressing cell types. The eNOS proximal promoter DMR was confirmed in vivo by performing bisulfite genomic sequencing of the eNOS proximal promoter in endothelial and vascular smooth muscle cells isolated by laser-capture microdissection from the murine aorta (a majority of CpG sites is conserved between mouse and man). 84, 85 To explore the functional relevance of the eNOS proximal promoter DMR, chromatin immunoprecipitation (ChIP) combined with quantitative real-time PCR was performed to assess the binding of relevant transfactors to the native eNOS proximal promoter in human endothelial and vascular smooth muscle cells. 84 These experiments demonstrated preferential recruitment of Sp1, Sp3, and Ets1 transcription factors to the eNOS proximal promoter in endothelial cells despite the presence of these factors in vascular smooth muscle cells, as determined by Western blotting. Consistent with these results, the transcriptional machinery (RNA polymerase II) was also preferentially bound to the eNOS proximal promoter in
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endothelial cells. MeCP2, a methyl-CpG-binding protein associated with transcriptional repression, was preferentially recruited to the eNOS proximal promoter in nonexpressing vascular smooth muscle cells. 86 Treatment of nonexpressing cell types with 5-azacytidine, a DNMT inhibitor, demethylated the eNOS promoter in various nonendothelial cell types and increased expression of the eNOS mRNA. 84 Several groups have previously demonstrated DMRs in the proximal promoters of cell-restricted genes, for example, human maspin (SERPINB5) 87 and erythropoietin (EPO). 88 Human eNOS represents the first example of a constitutively expressed gene in the vascular endothelium whose cellrestricted pattern of expression is determined, at least in part, by DNA methylation pathways. 84 
An Endothelial Cell-Specific Histone Code
Despite a prominent role for DNA methylation in the cellspecific expression of eNOS, 2 additional experiments suggested the involvement of other chromatin-based pathways. 86 First, bisulfite genomic sequencing of the stably integrated promoter in transgenic eNOS promoter-reporter mice failed to demonstrate important differences in DNA methylation in eNOS-expressing aortic endothelial cells and nonexpressing aortic vascular smooth muscle cells isolated using lasercapture microdissection. In both cell types, the proximal promoter of the transgene was only lightly methylated. Consistent with this observation, maximally tolerated doses of 5-azacytidine did not induce transgene expression in nonexpressing cell types. Second, electrophoretic mobility shift assay using methylated and mock methylated eNOS proximal promoter probes (Ϫ161/ϩ89) failed to demonstrate differences in the formation of specific nucleoprotein complexes. Importantly, these latter in vitro studies were performed with naked eNOS probes outside the context of chromatin. We, therefore, hypothesized that additional , and Sp3 at the proximal promoter of the endogenous eNOS gene despite similar global levels of these transcription factors in endothelial and vascular smooth muscle cells by Western blotting. RNA polymerase II was not recruited to the eNOS proximal promoter. These data suggested that epigenetic, chromatin-based pathways may be relevant in the cell-specific expression of the eNOS gene. Refer to Figure 4 for a more detailed description of the chromatin and its modifications.
chromatin-based mechanisms may be relevant to the cellspecific expression of eNOS. Using ChIP combined with quantitative real-time PCR, we investigated histone posttranslational modifications across the native eNOS genomic locus in various expressing and nonexpressing human cell types. 86 These experiments convincingly demonstrated local enrichment of bulk acetylation of histones H3 and H4 in nucleosomes of the eNOS proximal promoter and immediately downstream regions in endothelial compared with nonendothelial cells. A similar pattern was observed for di-and trimethylated H3K4. As previously discussed, these epigenetic marks are associated with transcriptional activation. Consistent with these findings, HDAC1, but not HDAC2 or HDAC3, was enriched at the eNOS proximal promoter in nonendothelial cells. It is noteworthy that MeCP2, also enriched at the eNOS proximal promoter in nonendothelial cells, has been shown to recruit corepressor complexes containing HDAC1 in other experimental systems. 89, 90 Importantly, the functional relevance of these findings in the cell-specific expression of eNOS was demonstrated by treating nonexpressing vascular smooth muscle cells with a pharmacological HDAC inhibitor, TSA. As anticipated, bulk acetylation of histones H3 and H4 at the eNOS proximal promoter was increased concomitantly with eNOS mRNA expression. In addition to measuring bulk acetylation of histones H3 and H4 at the eNOS proximal promoter, ChIPs were also performed with monospecific antibodies that recognize unique histone lysine acetylation modifications in expressing and various nonexpressing cell types. Using this approach, we were able to document the selective enrichment of acetylated H3K9 and H4K12 at the eNOS proximal promoter in endothelial cells. These observations are consistent with an endothelium-specific histone code predicated on the combinatorial action of specific histone posttranslational modifications important in the regulation of gene expression. 86 Differential responsiveness of unique histone lysine acetylation modifications was also reported at the endogenous E-selectin promoter after cytokine stimulation in human endothelial cells. 91 Taken together, these data demonstrate the relevance of epigenetic pathways (DNA methylation and histone posttranslational modifications) in the cell-specific expression of a constitutively expressed endothelial gene, eNOS ( Figure  4A ). 84, 86 Another group has published complementary findings. 92 Chromatin-based mechanisms have been implicated in a growing number of endothelium-restricted genes including VWF, 93 NOTCH4, 94 and EPHB4. 95 These studies support the emerging view that epigenetic pathways are fundamental determinants of cell-restricted gene expression in the vascular endothelium. How these pathways are developmentally established and maintained is an area of intense investigation. It is tempting to speculate that perturbations in these epigenetic pathways may lead to decreased expression of eNOS in human disease, for example, atherosclerosis and pulmonary hypertension.
Inducibility of Inducible Nitric Oxide Synthase: The Epigenetic Perspective
In contrast to constitutively expressed eNOS, human iNOS (NOS2A) provides an example of a gene whose expression is actively repressed in the vascular endothelium. iNOS is a cytokine-inducible gene whose expression is implicated in a number of human diseases, in particular, chronic inflammatory conditions. For example, our laboratory has previously documented iNOS mRNA and protein in the neointima of atherosclerotic human blood vessels. 63 It is, therefore, surprising that the iNOS gene in cultured human cells is notoriously resistant to cytokine stimulation, a longstanding observation in the field. 96 -98 This is in contrast to the highly inducible iNOS gene in rodent cells in vitro and in vivo. 99, 100 Given that iNOS expression is largely under transcriptional control, several models have been proposed to explain the differential responsiveness of the highly homologous iNOS promoter in human and rodent cells in culture. These are based on the classic cis/trans paradigm of gene expression and include nucleotide substitutions in functionally relevant cis-elements, the absence of relevant transfactors, and the presence of a silencer element in human cells. 98, 101, 102 However, these models cannot adequately explain the expression of iNOS in the same cell types in human disease. Recent evidence from our laboratory implicates chromatin-based pathways in the hyporesponsiveness of the human iNOS gene in cultured endothelial cells. 103 The human iNOS gene contains 27 exons, spans approximately 40 kb of genomic DNA, maps to chromosome 17q11.2-q12 (pericentromeric location), and directs the expression of a single major transcript. The proximal promoter of the iNOS gene contains a canonical TATA box and lacks a CpG island. 104, 105 Detailed molecular characterization of the human iNOS promoter using transient transfection of episomal promoter-reporter constructs and transgenic promoterreporter mice uncovered multiple classic cis-elements important in the cytokine inducibility of the gene including NF-B, interferon-regulatory factor-1, and STAT-3, among others. 106 -108 Interestingly, a similar promoter architecture is shared by highly responsive cytokine-inducible genes in human endothelial cells, for example, VCAM1. 103 To explore the role of DNA methylation in the hyporesponsiveness of the human iNOS gene, nucleotide-resolution bisulfite genomic sequencing of the iNOS core promoter was performed in several nonresponsive cultured human endothelial cells, modestly responsive cultured cell lines (A549, DLD-1), and highly responsive human primary hepatocytes, cultured murine primary peritoneal macrophages and murine cell lines before and after cytokine stimulation. 103 Consistent with a role for promoter DNA methylation in transcriptional repression, we documented heavy methylation of CpG dinucleotides in the human iNOS proximal promoter of nonresponsive human endothelial cells. In contrast, the highly homologous mouse iNOS promoter in responsive cell types was only lightly methylated. DNA methylation was symmetrical and restricted to CpG dinucleotides. Considering only cultured human cells, the percentage of methylation of CpG dinucleotides in the core iNOS promoter was well correlated (exponentially) with gene expression, as determined by quantitative real-time RT-PCR. These data are consistent with previous reports examining the impact of methylation density on gene transcription using in vitro methylated episomes. 109, 110 Importantly, cytokine stimulation did not alter
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the methylation status of the proximal promoter in any of the cell types examined, as has previously been reported for the murine Il2 gene in stimulated T lymphocytes. 111 The functional relevance of these findings was demonstrated by treating human cells in culture with 5-azacytidine, a pharmacological DNMT inhibitor. In minimally responsive DLD-1 cells, the iNOS promoter was completely demethylated by treatment with 5-azacytidine and associated with increased iNOS steady-state mRNA after cytokine stimulation. In contrast, the iNOS promoter in human endothelial cells remained hypermethylated and refractory to cytokine stimulation, suggesting additional layers of epigenetic control. Taken together, these data demonstrate a prominent role for DNA methylation in the transcriptional silencing of the human iNOS promoter in nonresponsive human endothelial cells in culture. 103 Complementary results have been reported by others describing a role for promoter methylation in the transcriptional silencing of murine iNOS in glomerular mesangial cells. 112 In addition to DNA methylation, we hypothesized that histone posttranslational modifications also contribute to the transcriptional silencing of iNOS in cultured human cells. Using ChIP combined with real-time PCR, we first documented differential recruitment of the methyl-binding domain protein MeCP2 to the heavily methylated iNOS promoter in human endothelial cells but not to the highly cytokineinducible VCAM-1 promoter. Because MeCP2 can mediate transcriptional silencing by recruiting corepressor complexes with associated HDAC and H3K9 methyltransferase activities, 113 we next assayed for the corresponding histone posttranslational modifications at the iNOS and VCAM-1 core promoters in a variety of cell types before and after cytokine stimulation. Cytokine stimulation was associated with increased recruitment of RNA polymerase II at the VCAM-1 promoter, but not at the iNOS promoter, in human endothelial cells. Importantly, di-and trimethylated H3K9 marks were enriched at the iNOS proximal promoter before and after cytokine stimulation in human endothelial cells. These repressive marks were not detected at the cytokine-inducible VCAM-1 promoter. Similar results have been reported for E-selectin, another cytokine-inducible endothelial gene. 91 In contrast, treatment of human endothelial cells with the HDAC inhibitor TSA in the presence or absence of cytokines could not induce iNOS gene expression. Taken together, these data establish a role for epigenetic pathways, in particular, DNA and histone H3K9 methylation, in the transcriptional silencing of the human iNOS gene in cultured human endothelial cells ( Figure 4B ). It is tempting to speculate that dysregulation of these epigenetic pathways in disease leads to aberrant iNOS expression in endothelial cells, for example, as observed in human atherosclerosis. 63, 103 
Emerging Roles for Epigenetic Pathways in Vascular Biology
It is increasingly appreciated that epigenetic pathways are responsive to a wide variety of internal and external environmental stimuli. 1, 114 Recent data highlight the potential of these pathways to serve as integrators of various environmental cues that converge on the genome and the regulation of endothelial gene expression in health and disease. To date, research has focused primarily on histone acetylation pathways.
Epigenetic Pathways in Vascular Development and Endothelial Differentiation
Epigenetic pathways have received increasing attention in embryonic development and cellular differentiation. 115 However, it is only recently that these pathways have been explored in vascular endothelial cells. For example, Chang et al reported that global and endothelial cell-specific knockout of a class II HDAC, HDAC7, is embryonic lethal and required for the development of a normal vasculature. 116 Specifically, these mice demonstrated defects in endothelialendothelial and endothelial-smooth muscle cell contacts, resulting in vascular dilatation and rupture. They postulated that this phenotype was the result of a dysregulated MMP10/ TIMP1 axis, resulting in pathological degradation of the extracellular matrix. In addition, HDAC activity has been shown by multiple independent laboratories to be critical for endothelial differentiation of embryonic stem cells and adult endothelial progenitor cells. [117] [118] [119] [120] In this context, HDAC3 activity appears to be particularly relevant. 118, 119 It is of interest that the 2 HDACs specifically implicated in endothelial development and differentiation, HDAC3 and HDAC7, colocalize in vivo and are constituents of the same multiprotein, corepressor complexes, SMRT and N-CoR. 121 Whether HDAC activity is also required for maintenance of the mature endothelial phenotype is presently not known.
Epigenetic Pathways in Postnatal Angiogenesis
In the mature vascular system, HDACs, importantly, regulate postnatal angiogenesis in response to various pathological cues. For example, the utility of pharmacological HDAC inhibitors as cancer chemotherapeutics is likely related, in part, to their potent antiangiogenic activity, in addition to direct effects on the cancer cells themselves. 122 Similar findings were also reported in VEGF-induced, hypoxiainduced, and other models of postnatal angiogenesis and endothelial cell migration. [123] [124] [125] [126] Several HDACs are likely to have prominent roles. In particular, HDAC1 has been implicated in hypoxia-induced angiogenesis. 124 Specific knockdown of HDAC7, but not HDAC1-6, using an siRNA strategy inhibited cell migration and angiogenesis in mature primary endothelial cells in culture. 127 Most recently, Potente et al demonstrated a fundamental role for SIRT1, a class III HDAC, in angiogenic signaling both in vitro and in vivo. 128 The mechanistic basis for the requirement of HDAC activity in the angiogenic response is presently not clear and likely involves the regulation of the acetylation status of various transcription factors, such as the forkhead transcription factor, Foxo1, 128 and other proteins, including eNOS itself. 129 It remains to be defined whether global or locus-specific histone modifications important in the chromatin-based control of gene expression are also relevant. Perhaps not surprisingly other epigenetic pathways are beginning to emerge as important regulators of postnatal angiogenesis and include DNA methylation, 130 histone methylation, 95 and the RNA interference machinery. 131 
Epigenetic Pathways in Inflammation and the Endothelial Response to Blood Flow
Hyperacetylation of histones H3 and H4 in the 5Ј-regulatory regions of genes is strongly associated with transcriptional activation. Treatment with HDAC inhibitors should therefore induce gene expression at sensitive promoters. It is surprising then that HDAC inhibitors have emerged as an important new class of potent antiinflammatory agents in a number of cell types, including endothelial cells. For example, HDAC inhibitors have shown early promise in the treatment of a growing number of chronic inflammatory diseases such as inflammatory bowel disease, 132, 133 systemic lupus erythematosus, 36, 134 and rheumatoid arthritis. 135 To date, the mechanism of action remains unclear but may involve modulation of NF-B transcriptional activity, among others, in addition to chromatin-based mechanisms. 136 In human cultured endothelial cells, HDAC inhibitors inhibited TNF-␣-induced monocyte adhesion in vitro and in vivo via suppression of the VCAM-1 gene. 137 Interestingly, other cytokine-inducible genes, ICAM-1 and E-selectin, were not suppressed, suggesting a direct effect on the VCAM-1 promoter as opposed to a general inhibition of the NF-B signaling pathway. Similar results have recently been reported for the repression of cytokine-induced tissue factor in human endothelial cells by a variety of structurally distinct HDAC inhibitors. 138 It is of interest that both groups implicated an HDAC3-dependent pathway in the repression of these cytokine-inducible genes following treatment of cells with pharmacological HDAC inhibitors. 137, 138 What accounts for this unique promoter specificity is presently not known. The recent demonstration that the administration of the pharmacological HDAC inhibitor, TSA, to atherosclerosis-prone, Ldlr Ϫ/Ϫ mice exacerbates neointimal lesions emphasizes the need for a better understanding of epigenetic pathways in animal models of atherosclerosis. 139 In this regard, it is of great interest that epigenetic pathways in human endothelial cells are responsive to the
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physical forces of blood flow, in particular, laminar shear stress. For example, Illi et al reported pronounced changes in global and locus-specific histone posttranslational modifications in cultured human endothelial cells in response to laminar shear stress. 140 It is interesting to speculate that epigenetic pathways, in part, determine the susceptibility of different regions of the vascular system to atherosclerosis. For example, Won et al have recently reported the relative reduction of eNOS transcription in atherosclerosis prone regions of the mouse aorta. 141 Whether epigenetic pathways underlie these differences in eNOS expression is presently under investigation.
Conclusion
Using the example of the eNOS gene, it is evident that epigenetics provides a newer vantage point for understanding transcriptional control paradigms in vascular endothelial cells. In particular, these pathways may represent the molecular substrate for the influence of the environment on vascular endothelial gene expression important in the modulation of cardiovascular disease susceptibility. We and others have demonstrated that DNA methylation and histone posttranslational modifications are markedly different at the proximal promoter of the eNOS gene in vascular endothelial cells versus vascular smooth muscle cells. These epigenetic marks can be modified in vascular smooth muscle cells by pharmacological inhibitors of DNA methylation and histone deacetylation pathways, and eNOS mRNA increases. Whether modifications of these pathways are also relevant to the changes in eNOS gene transcription in vascular endothelial cells exposed to changes in hemodynamic forces, hypoxia, proinflammatory cytokines, and entry into the cell cycle warrants further study. The malleability and dynamic nature of the epigenetic code, in contrast to the static genetic code, make therapeutic intervention in cardiovascular disease an enticing and high priority.
